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ABSTRACT

Microfluidic devices have been increasingly used for diverse particle manipulations
in various chemical and biological applications. Fields such as water quality control,
environmental monitoring and food safety require the continuous trapping and
concentration of particles (either bio- or non-bio) for enhanced detection and analysis. To
achieve this, various microfluidic techniques have been developed using electric field as
well as other fields including magnetic, optical, acoustic, hydrodynamic, gravitational and
inertial. Among these methods, electrokinetic manipulation of particles is the most often
used due to its advantages over other methods such as simple operation and easy integration
etc. It transports fluids and controls the motion of the suspended particles via
electroosmosis, electrophoresis and dielectrophoresis. However, there is an inevitable
phenomenon accompanying electrokinetic devices, i.e., Joule heating due to the passage of
electric current through the conductive suspending medium. Previous studies indicate a
negative impact of Joule heating on the trapping and concentration of micron-sized
particles in insulator-based dielectrophoretic microdevices. We demonstrate in this thesis
that the Joule heating-induced electrothermal flow can actually enhance the electrokinetic
manipulation, leading to the otherwise impossible trapping and concentration of submicron
particles in ratchet microchannels.
We fabricated ratchet microchannels with polydimethylsiloxane and used them to
study the transport and control of submicron particles in a moderately conductive
phosphate buffer solution. Our research group did the experiments previously. We
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developed a numerical multiphysics depth average model, which can predict the observed
particle trapping in the ratchet region. The numerical model consists of coupled electric
current, fluid flow, heat transfer and mass transport equation. A depth average analysis of
these governing equations was done to develop a 2D model on the horizontal plane of the
microchannel, which gives us numerical results that are as good as a full-scale 3D model
developed previously, but with much less computational resources. Numerical analysis of
the developed model predicts the formation of two counter rotating electrothermal vortices
at the ratchet tips. Moreover, particles can be seen trapped inside these vortices and the
concentration of particles trapped in electrothermal vortices can be observed to increase
with time. Further, on doing the parametric study we found out that with increase in voltage
the size of these vortices increases. We also changed the shape of the ratchet, but that does
not seem to affect particle trapping in a significant manner. These obtained numerically
predicted results are found to be in good agreement with our experimental observations,
which further validates our numerical modelling.
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CHAPTER ONE
INTRODUCTION
1.1 Motivation
Microfluidics as the name suggests deals with the behavior of fluids on a submillimeter scale [1]. It is being used in different areas such as DNA chips, inkjet printheads,
Lab-on-a-chip device, molecular biology, optics, acoustic droplet ejection and fuel cells.
LOC or Micro total analysis system is a device, which has a chip of size millimeters to few
square centimeters and can be used to integrate single or multiple circuits on it [2], has low
fabrication cost [3], faster analysis and response time, better control of process, massive
parallelization allows tens or hundreds of operations to be performed simultaneously on a
chip [4] and automatic verification of parts quality [5]. Because of the increasing demand
for

cheap

and

faster

manufacturing

of

chips,

new

technologies

such

as

polydimethylsiloxane (PDMS), ceramic, glass, metal itching, OSTE polymer processing,
deposition, and bonding have been developed. PDMS material is inexpensive, optically
transparent, flexible, and can be easily fabricated and bonded on other surfaces. Due to
these advantages, it is preferred over silicon and glass materials [6].
LOC devices have the ability to effectively and accurately manipulate particles on
micro scale. Various ways in which samples are manipulated include focusing, filtering,
mixing and trapping. Research fields such as food safety, water quality control and
environmental monitoring require concentration and trapping of particles in a continuous
flow to detect and analyze particles [7, 8]. To achieve this kind of manipulation, different
sources by which force field can be generated such as electrokinetics [9, 11], magnetic [12,
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13], inertial [14], optical [15, 16], acoustic [17, 18], and hydrodynamic [19-21] are used.
Another technique used to trap and manipulate particles include contactless and surface
contact methods. Contactless method is preferred over surface contact method because it
helps to achieve reversible and flexible trapping. Electrokinetics having advantages such
as simple operation, easy integration, and small dispersion of sample is an efficient and
preferred means for particle manipulation. It transports fluids and controls the motion of
suspended particles via electroosmosis, electrophoresis and dielectrophoresis. The
electrokinetic phenomenon has been studied in a variety of microchannel shapes such as
straight, curved or network of channels [22-24]. Even though it has many advantages, it
severely suffers from the inevitable effect of Joule heating. Due to Joule heating, the
temperature rises in the microfluidic device and this rise in temperature is seen to adversely
affect the fluid flow and particle manipulation [25-27]. When Joule heating is negligible,
this method has been used to manipulate particle and cells [28-31] using dielectrophoresis.
In this work, we demonstrate that joule heating can be exploited to enhance electrokinetic
manipulation and trapping using electrothermal flows, leading to trapping and
concentration of sub-micron particles in a ratchet microchannel.
The electric field is amplified on passing through a constriction region, which is a
ratchet channel is our work. This amplified electric field raises the temperature of fluid and
causes gradients in temperature dependent properties giving rise to joule heating.
Electrothermal flows are generated due to this joule heating which can be exploited to trap
and concentrate particles. This thesis attempts to give a detailed experimental and
numerical explanations of these phenomenon. To develop better understanding of the
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above discussed phenomenon, in the next section we will discuss about background of
electrokinetics.
1.2 Background
Electrokinetics is the phenomenon that takes place in a microfluidic system when an
electric field is applied to the system. An external voltage is applied across the channel,
which generates an electric field and is used to pump the fluid in the channel and
manipulate sample motion. In a pressure driven flow, the velocity profile is parabolic in
nature, which causes sample dispersion due to velocity gradients. However, in
electrokinetic flow, the flow is plug like across the channel and has a constant value of
velocity throughout. Due to this, the concentration of the sample is uniform throughout the
entire flow field and hence the dispersion, which occurs due to a non-uniform field, is
minimized. This section provides background information about the different effects that
are present in electrokinetics. The information provided here is taken from various
textbooks on microfluidics [37-43] and readers may refer to them for even better
understanding.
1.2.A The Electric double layer (EDL)
Electrical double layer or EDL is considered as the basis of the electrokinetic
phenomenon in a microchannel. In the microchannel, we a have a solid-liquid interface.
The electrical double layer is present near this interface, which has a non-zero charge
density of ions. Various mechanisms such as charged crystal surfaces, isomorphic
substitutions of charged groups, ionization of surface groups and specific absorption of
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ions [44] are responsible for the charge that is acquired on the solid surface of the
microchannel. Electrolyte solution that is present in the microchannel is initially neutral in
charge. When this solution is exposed to the solid surface, the solution near the wall
acquires the charge opposite to that of solid surface. Therefore, the concentration of counter
ions i.e. opposite charge ions increases near the wall. The co-ions are repelled into the bulk
of the fluid where an electro neutrality is maintained. Due to this process, the electrical
double layer is developed near the wall. The net charge density decreases to zero from EDL
to the bulk of fluid [45]. Inside the electrical double layer, the presence of opposite charges
creates an electric potential along the width of EDL. Figure 1 can illustrate the above charge
distribution.

Figure 1.1 Representation of electrical double layer near the wall. The distribution of coions and counter-ions near the stern layer and diffuse layer is shown. The zeta potential at
the slip plane is highlighted. The electric potential is plotted as a function of direction “n”
which is normal to the solid wall.
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Two regions are defined based on above knowledge namely Stern layer and diffuse
layer. The stern layer is the layer, which is very close to the wall and is of the order of two
times the diameter of counter ions. Across the stern layer, the electric potential drops
linearly [46]. In the diffuse layer, which is present outside the stern layer the motion of ions
takes place due to diffusive repulsion and electrostatic attraction. A slip plane separates
these two regions.
1.2.B Electroosmosis
When an external electric field is applied across the channel, it causes the electrolyte
to move in a direction, which is tangential to the charged surface. This motion is termed as
Electroosmotic flow. The electrical double layer has net non-zero charge density; therefore,
it experiences a net force. This force induces a motion within the electrical double layer
and therefore causes the motion in the bulk of the fluid due to the viscous drag. The NavierStokes equation can be integrated over the electrical double layer using the body force
term. The body force term is defined as 𝜌𝑒 E. The mathematical process can be referred at
[47]. The Velocity profile inside the electrical double layer is given by
𝜀

𝑢(𝑛) = − 𝜂 (𝜑(𝑛) − 𝜁𝑤 )E

(1.B.1)

Where 𝑢(𝑛) is the velocity distribution in the direction “n” which is normal and
away from the solid wall, 𝜀 is the electrical permittivity of fluid [F/m], 𝜂 is the viscosity of
fluid [Pa∙s], 𝜑(𝑛) is the electric field distribution in the direction “n” which is normal and
away from the solid wall, 𝜁𝑤 is the equilibrium wall zeta potential [V] and E is the applied
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electric field. The no-slip boundary condition is satisfied at the wall. In the bulk of the
fluid, the fluid velocity is like a plug like profile and is given by
𝜀

u𝑒𝑜 = − 𝜂 𝜁𝑤 E

(1.B.2)

𝜀

𝜇𝑒𝑜 = − 𝜂 𝜁𝑤

(1.B.3)

𝜇𝑒𝑜 is the electroosmotic mobility [m2V/s].

Figure 1.2. Schematic representation of electroosmotic velocity profile inside a
microchannel. This flow profile is induced due to Coulomb force on the electrical double
layer. Velocity variation occurs inside the electrical double layer and outside the EDL it is
plug-like flow.

1.2.C Electrophoresis
When external electric field is applied, it causes the motion of charged ions with
respect to suspending medium and is termed as electrophoresis. This thesis deals with the
manipulation of particles, which get charged when suspending in a fluid. The
electrophoresis due to surface charge is discussed here. The surface of the particle gets

6

charge in a similar manner as the solid wall. The electrical double layer is formed on the
surface of the particle. The fluid inside the electrical double layer moves due to the applied
external electric field. If we assume that the bulk fluid is stationary, then the particles
relative motion would be in the opposite direction. Electrophoresis has been extensively
exploited for manipulation of species and particles [48-84]. Under applied electric field
these particles experience an opposite directing Coulomb force as compared to
Electroosmosis; therefore Electroosmosis and electrophoresis are opposite in direction to
each other. The electrophoretic velocity (EP) of the particle, Uep is given by the following
equation
u𝑒𝑝 = 𝜇𝑒𝑝 E

(1.C.1)

𝜀

𝜇𝑒𝑝 = 𝜂 𝜁𝑝

(1.C.2)

𝜇𝑒𝑝 is the electrophoretic mobility, 𝜀 is the electrical permittivity of fluid [F/m], 𝜂 is the
viscosity of fluid [Pa∙s], 𝜁𝑝 is the particle zeta potential [V] and E is the applied electric
field. Electrokinetic velocity u𝑒𝑘 is given by the vector sum of electroosmotic and
electrophoretic velocity.
u𝑒𝑘 = 𝜇𝑒𝑘 E

(1.C.3)

𝜀

𝜇𝑒𝑘 = 𝜂 (𝜁𝑝 − 𝜁𝑤 )

(1.C.4)

𝜇𝑒𝑘 is the electrokinetic mobility, 𝜀 is the electrical permittivity of fluid [F/m], 𝜂 is the
viscosity of fluid [Pa∙s], 𝜁𝑝 is the particle zeta potential [V], 𝜁𝑤 is the equilibrium wall zeta
potential [V] and E is the applied electric field.
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1.2.D Dielectrophoresis
When an electric field is applied the polarizable species (charged or uncharged),
experience a force due to non-uniformities in the electric field which is called as
dielectrophoretic force Pohl [85, 86]. Both reservoir based dielectrophoresis and insulatorbased dielectrophoresis can be used for manipulation, trapping and sorting of particles [8790]. The DEP is given by the expression
𝜋

F𝐷𝐸𝑃 = 4 𝜀𝑎3 𝑓𝐶𝑀 ∇|E|2

(1.D.1)

The DEP force that acts on the particle depends on the strength of electric field,
properties, the size of particle and frequency of AC electric field.
When no Electroosmosis and electrophoresis is present the particle will move due to
this force and the velocity of the particle can be calculated using Stokes drag relation.
𝜀𝑎2

U𝐷𝐸𝑃 = 12𝜂 𝑓𝐶𝑀 ∇|E|2

(1.D.2)

𝑓𝐶𝑀 = (𝜎𝑝 − 𝜎𝑓 )⁄(𝜎𝑝 + 2𝜎𝑓 )

(1.D.3)

Where 𝑓𝐶𝑀 is the Clausius-Mossotti factor, 𝑎 is the diameter of the particle, 𝜀 is the
electrical permittivity of fluid [F/m], 𝜂 is the viscosity of fluid [Pa∙s], 𝜎𝑝 and 𝜎𝑓 are the
electrical conductivity of particle and electrolyte solution respectively.
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b

a

Figure 1.3 Diagram shows dielectrophoresis of a spherical particle under the influence of
non-uniform electric field. (a) If the particle is more polarized than the fluid, it moves from
low electric field to high electric field. (b) If the particle is less polarized than the fluid, it
moves from high electric field to low electric field.

If the Clausius-Mossotti factor is positive i.e. ( 𝜎𝑝 > 𝜎𝑓 ), particle is more polarized
than the fluid, the particle will move from lower electric field region to higher electric field
region. This is called as positive dep. If the Clausius-Mossotti factor is negative i.e. ( 𝜎𝑝 <
𝜎𝑓 ), particle is less polarized than the fluid, the particle will move from higher electric field
region to lower electric field region. This is called as negative dep. The summation of fluid
velocity, EP velocity, and DEP velocity gives us the total velocity of the particle. It is
expressed by the following equation.
U𝑃 = u + u𝑒𝑝 + U𝐷𝐸𝑃

(1.D.4)
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1.2.E Joule Heating
When an electric current passes through a medium, it is converted into heat energy
due to resistance and is known as Joule heating. When an electric field is applied along the
microchannel, it passes through the electrolyte solution, which leads to resistive heating.
This Joule heating can be observed in all of the electrokinetic phenomena. Electric current
is defined as a function of electric field, electrical conductivity and the area of the
microchannel. If we consider a channel of length L, Width W and depth D, electric field E
and electrical conductivity σ then electric current 𝐼 is mathematically represented as
𝐼=

𝐸=

𝑊𝐻𝜎∆𝑉

(1.E.1)

𝐿
∆𝑉

(1.E.2)

𝐿

Therefore, volumetric rate of Joule heat generation can be represented a
𝑄 ′′′ = 𝜎

∆𝑉 2
𝐿2

= 𝜎𝐸 2

(1.E.3)

The temperature rise inside the domain is due to the above-shown heat generation term.
The rise in temperature causes a gradient in temperature field and hence we see the change
in temperature dependent fluid properties [91, 92]. Since the microchannel geometry that
we use is ratchet, the heating inside channel is non-uniform, due to which we have a nonzero value of electrothermal body force. As a result revolving patterns are formed which is
known as electrothermal flow [93].
𝑓 = 𝜌𝑒 E − 0.5E 2 ∇𝜀

(1.E.4)
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Where, e is the volume charge density in C/m3, E is the applied electric field in V/m and
ε is the permittivity of the fluid.
1.3 Thesis Structure
After the completion of chapter 1, which gives us idea and basic concepts relevant
to this thesis work, there are five more chapters included in this thesis. In Chapter 2, we
discuss in details the experimental procedure carried around in the laboratory. In this
chapter, we also discuss different material properties because they play a major role when
we discuss joule heating and particle trapping. To validate our numerical model we
compare them with the experimental results, so experimental procedure is taken into
discussion. Chapter 3 discusses about the details of the governing equations that are used
in the numerical modelling and corresponding boundary conditions involved. Since in this
thesis work we have developed a 2D depth average model, which has advantages over 2D
and 3D modelling. The 2D death model can predict the results with good accuracy and
saves time and resources, which goes into 3D modelling. The fourth chapter includes the
details of the experimentally obtained and numerical predicted results and their
comparison. The effect of joule heating on different parameters and trapping of sub-micron
particles in the vortices in the channel region. Chapter 5 involves the parametric study of
the experimental and numerical models. Shape of the ratchet geometry is altered and the
results are discussed. The parametric effect of changing the depth of channel is also taken
into account. In the final chapter, we summarize about chapter two, three, four and five
conclusion respectively and attempt to discuss about the direction of future work
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Chapter 2
Experimental Methods and Setup
2.1 Introduction
This chapter gives us insight about the various experimental procedure that is used
during the experimental work [97]. The experimental procedure involves fabrication of
microchannel, fabrication of microdevices, the experimental procedure used. Details about
the material properties also include since they have a key importance in our experimental
as well as numerical modeling. A brief introduction about the computational detail is given
at the end of the chapter to help better relate our numerical model with the experimental
setup.
2.2 Microchannel Fabrication
A standard soft lithography technique is used for the fabrication of the microchannel.
The ratchet used in this work is fabricated in polydimethylsiloxane (PDMS). The details of
the 25µm microchannel (which is used for modeling) is explained below.
The glass slides that we use are of 1mm thickness. They are initially stored in acetone
solution (Fischer Scientific) for about 3 hours. After that, an ultrasonic cleaner (Branson
2510) is for about 5 min to rinse the glass slides. De-ionized water (Ricca Chemical
Company LLC, Arlington TX) is then used to dry the glass slides. Nitrogen gas is used to
dry the glass slides. Furthermore, the glass slides are heated (HP-30 A, Torrey Pines
Scientific) for about 10 minutes at 120 degree Celsius to ensure complete drying. To obtain
even better finish of the glass slides, they are plasma treated (PDC-32G, Harrick Scientific)
for 1 minute.
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The glass slides are coated with a film of SU-8-25 photoresist (Microchem). Spin
coated (WS-400B-6npp/lite, laurel technologies) is used for coating the slides. The spin
coater is ramped from 1000 rpm for 5 sec to further 300rpm for 5 sec to a terminal speed
of 2000rpm. It is kept at this speed for 25 sec to generate the film. A 2D-Sketch of the
channel made from CAD model and is placed over the slide. The films are then exposed to
UV light (ABM Inc. San Jose, LA) for 30 sec. The previously mentioned process of baking
the films for 1 minute and 3 minute and their treatment with SU-8 developer solution
(Microchem) for 4 minutes is done again. Isopropyl alcohol solution (Fisher Scientific) is
used for rinsing. A final baking is done at 65 degree Celsius for 1 minute and 15 degree
Celsius for 5 minutes to develop molds over the slides.
For the preparation of PDMS, we need curing agent (Sylguard 184 silicone
elastomer) and polymer base in the ratio 1:10. The mixture is de-grassed (13-262-280 A,
Fisher Scientific) at a vacuum of 20Psi for 20 min. It is then poured over the mold to obtain
a thickness of two mm. Baking is done at 70 degree Celsius for two hours in a gravity
convection over (13-246-506GA, Fischer Scientific) to generate hardened PDMS with the
desired 25µm uniform depth.
2.3 Microdevice Fabrication
A scalpel is used to cut PDMS which has master microchannel cavities from the Petri
dishes. A 5 mm diameter punch is used to cut cylindrical reservoirs over the predefined
circular extensions of 6 mm diameter. A nitrogen jet is used to completely clean the
cavities. A plasma treatment is done for 2 minutes so that the PDMS is permanently bonded
over the glass slides. A final form of the developed microdevice is illustrated in figure 2.1
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Figure 2.1 The diagram A shows the top view of the experimental setup of the
microchannel geometry with an enlarged image of the ratchet channel. Diagram B shows
the cross-sectional view of the microchannel used in the experiment. The arrow shows the
direction of the electroosmotic flow.

2.4 Experimental Method
The working fluid consists of buffer solution and polystyrene microsphere. The
buffer solution is prepared as per the required concentration. To ensure uniform wetting,
the microdevice is filled with pure buffer and left for 10 minutes. This also helps in
maintaining the hydrophilic surface of the walls and a uniform wall zeta potential. To
ensure we have uniform concentration throughout the microchannel, a high-speed vortex
(Fischer Scientific) is used before starting the experiment. Working fluid is then filled in
the channel. Since we have no pressure driven flow in our model, the level of the working
fluid is closely maintained at the same level in the reservoir.
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In this research work, we use DC-biased AC voltage across the channel. The DC
voltage is kept fixed at 50V DC while the AC Voltage is varied. The AC voltage has a
frequency of 1 KHZ. The DC voltage is responsible for driving the electroosmotic flow.
When AC voltage increases, it is responsible for increasing the Joule heating and potential
across the microchannel to manipulate particle motion.
As mentioned before, we apply the voltages across the microchannel to develop a
potential drop and drive the working fluid across the microchannel. Two platinum
electrodes are placed in the respective reservoir. The electrodes are 0.5mm in diameter.
The applied voltage is generated by using a power supply (TREK, 609E-6) and a function
generator (Agilent Technologies, 3320A). In this work, the particles that we use are submicron particles. To ensure good visibility of particles, a high-intensity fluorescent lamp
(Nikon Intensilight C-HGHI). Since our aim is to develop a numerical model good enough
to compare with our experimental work, we use a CCD camera (Nikon DS-QI1MC) to
generate good quality video recordings of the performed experiment. We need to make
sure that the frame rate (fps) and exposure time (ms) are appropriate. Nikon software (NISelement AR 2.30) is used to generate images from the videos of experiments. We generate
images of the concentration patterns at different times of the experimental videos and
superimposition technique to generate images of streamlines inside the microchannel.

15

2.5 Wall and Particle Zeta potential calculation
The wall zeta potential is measured by performing an experiment consisting of two
different kinds of solution. One solution is the solution if interest, while the other is a dilute
solution, prepared by diluting the working fluid so that the electrical conductivity is within
95 percent of the original values. A straight microchannel is used for the experimental
purpose which has two reservoirs at the opposite ends. One reservoir is filled with dilute
solution and is allowed to go into microchannel by the capillary action. The other solution
i.e. the solution of interest is immediately filled into another reservoir until both reservoirs
attain the same level. This makes sure that there is pressure driven flow. The low DC
electric field is applied to ensure that heating effect is minimum inside the channel. The
DC voltage displaces the dilute solution from the microchannel. The obtained current
values are then plotted against time and the graph between current and time is found to be
linear. The slope of this graph gives us the value of the wall zeta potential. For the
measurement of particle zeta potential, we introduce a particle in the microchannel. A low
DC Voltage is applied as we did previously to avoid heating. The particle moves along the
microchannel under the influence of electric field. The time taken particle to travel the
distance is measure and speed of the particle are calculated from that. Using the
electrokinetic mobility equation (1.C.4), the difference between the zeta potential and
particle zeta potential is calculated. From the previous procedure, we already know the wall
zeta potential. Therefore, particle zeta potential can be calculated from that. For more
detailed mathematical and experimental procedure the readers may refer to Sze et al [94].
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2.6 Computational Domain
After the experimental work is completed, the next step is to develop a numerical
model good enough to give results, which can be compared to our experimental results.
For performing the computational fluid dynamics, we use COMSOL 5.2a Multiphysics, a
commercial finite element simulation software. We develop a 2D depth average model to
study the effects of joule heating [95] and particle concentration in the microchannel
region. This full-scale 2D Depth average simulation accounts for both the top and bottom
sides of the channel and PDMS wall and includes additional terms for fluid flow and heat
transfer in the standard governing equations, which is explained in detail in next chapter.
These additional terms are not present in the 2D model, done previously by our research
group [96]. Since top and bottom wall effects are not included in 2D model, they had to
assume a very high value of heat transfer coefficient. This assumption is not required for
this modeling. A full-scale 3D model was also developed by [97] for the ratchet channel.
However, 3D model is quite expensive and requires a lot of computational time and
resources for solving the model. This model neither require the assumption of high heat
transfer coefficient since we have additional terms and does not require the use of
supercomputer or Palmetto cluster for solving. For solving transient model, step size of 1
ms was taken. Meshing was done extremely fine for the constriction of ratchet tip region
of microchannel. Appropriate mesh size was selected for obtaining grid independent
solution. To reduce computational resources a nonlinear segregated iterative solver was
used. The full-scale transient model can be solved using a laptop.
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Figure 2.2 Schematic Representation of the 2D geometry drawn in COMSOL.
The 2D geometry is developed in the COMSOL software itself. A schematic diagram
of the channel geometry is depicted in figure 2.2. We use only half of the geometry due to
symmetric nature of the microchannel used in the experiment. In our numerical model the
electric, heat transfer, flow field, and concentration equations are coupled. The electric,
heat transfer, fluid flow, and concentration equation are solved for the microchannel region.
Only heat transfer equation is solved for the PDMS region. In figure 2.2, we can see the
electrodes are represented by two holes. The reason for that is, we use platinum electrodes,
which have high electrical and thermal conductivity, so they are considered to remain at
constant temperature and constant electric potential, and therefore we treat them as holes
in our 2D numerical model. To apply above equations in COMSOL we have to use modules
of electric current, creeping flow, heat transfer in fluids, heat transfer in solids and
transportation of diluted species.
The fluid properties such as electrical conductivity, permittivity and viscosity are
temperature dependent and are evaluated using the following expressions:
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𝜎 = 𝜎∞ [1 + 𝛽(𝑇 − 𝑇∞ )]
𝜀 = 𝜀∞ [1 + 𝛼(𝑇 − 𝑇∞ )]
𝜂 = 2.761 × 10−6 exp(1713⁄𝑇)
Where 𝜎∞ is the electric conductivity and 𝜀∞ is permittivity of the fluid at room
temperature 𝑇∞, and 𝛼 and 𝛽 are their respective temperature coefficients. Other constants
that are used in modeling and their respective values are given in the table below.

Table 2.1 Summary of the material properties and parameters that are used in modeling.

Symbol
𝑘𝑓𝑙𝑢𝑖𝑑

Description
Thermal
conductivity

Value

Unit

0.61

W/(m∙K)

0.15

W/(m∙K)

1.38

W/(m∙K)

2

mm

of

Fluid
𝑘𝑃𝐷𝑀𝑆

Thermal
conductivity

of

PDMS
𝑘𝑔𝑙𝑎𝑠𝑠

Thermal
conductivity of glass

𝑡𝑢𝑠,𝑃𝐷𝑀𝑆

Thickness of PDMS
slab
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𝑡𝑙𝑠,𝑃𝐷𝑀𝑆

Thickness of PDMS

25

um

1

mm

film
𝑡𝑔𝑙𝑎𝑠𝑠

Thickness of glass
slide

𝜁𝑤

Zeta

potential

of

-45

mV

𝜁𝑝

Zeta potential
particles

of

-65

mV

ℎ

Natural convection
coefficient

10

W/(m2∙K)

𝑑𝑐ℎ

Depth
of
microchannel
Temperature
coefficient of fluid
electric permittivity
Temperature
coefficient of fluid
electric conductivity
Fluid
electric
conductivity at room
temperature
Fluid
electric
permittivity at room
temperature

25

µm

-0.0046

1/K

0.02

1/K

0.5

S/m

8.854E-12

F/m

293

K

walls

𝛼

𝛽

𝜎∞

𝜀∞

𝑇∞

Room Temperature
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CHAPTER THREE
GOVERNING EQUATIONS AND BOUNDARY CONDITIONS.

3.1 Electric Field
The electric field is governed by the quasi-electrostatic equation [98]. Electric field
equation is only solved for the fluid part of the equation since PDMS is considered as
electrically insulating.
𝛻 ∙ (𝜎𝐸 + 𝑖𝜔𝐷) = 0

(3.A.1)

As mentioned before we use DC biased AC electric field in our experiment. The AC
frequency, which is of order 1KHZ, is much less than the charge relaxation
frequency 𝜎/2𝜋𝜀 , which is of the order of MHZ [99]. Because of this, the electric field
displacement has negligible effect. In the above equation, 𝐸 = −𝛻𝜙 is the electric field, 𝜙
is the electric potential, 𝜎 is the electric conductivity of the fluid, 𝜔 is the angular frequency
and is given by 𝜔 = 2𝜋𝑓, where 𝑓 as the frequency. D is the electric field displacement and
is given by 𝐷 = 𝜀𝐸, where 𝜀 as the fluid’s electric permittivity σE Which is the convection
current has been assumed negligible as compared to conduction current [98].Based on
above information the equation reduces to
𝛻 ∙ (𝜎𝐸) = 0

(3.A.2)

We solve only for the DC component of the electric field, which is similar to our
research group previous paper [96, 100, and 101]. As mentioned before we used 2D depth
average modeling in this research work [95]. A depth average analysis of the above
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equation (3.A.2) is done using an asymptotic method explained in Lin et al. [102]. The
details of the derivation are as follows.
To perform the non-dimensional analysis following scales are used:
[𝑥, 𝑦] = 𝐻, Length of the channel
[𝑧] = 𝑑, Depth of the channel
[σ]= σ’, Reference conductivity at room temperature
[ϕ]= ϕ’ = E’H, E’ is the reference electric field inside the channel
[𝑐] = 𝑐′ , Reference concentration

[T]=T’, Room Temperature

[𝑢, 𝑣] = 𝑈𝑒𝑣 =

[𝑤] = 𝑈𝑒𝑣

𝜀∞ 𝐸′𝑑 2
𝜂∞ 𝐻

𝑑
𝐻

[𝑢𝑒𝑝, 𝑣𝑒𝑝 ] = 𝑈𝑒𝑝
[𝑤𝑒𝑝 ] =

𝑈𝑒𝑝 𝐻
𝑑

[𝜂] = 𝜂∞
𝐻

[𝑡] = 𝑡0 =
𝑈

𝑒𝑣
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∇H Denotes the horizontal plane gradient i.e. along x and y-direction. The reference for the

horizontal velocity is taken in such a way that body force term and viscous force terms are
balanced. The continuity equation is used to calculate velocity along the z direction. The
variable are expanded as:
𝑓 = 𝑓0 + 𝛿𝑓1 + 𝛿 2 𝑓2 + ⋯ And so on
And the depth average function is defined as
1

1

𝑓 ̅ = 2 ∫−1 𝑓 𝑑𝑧

Using the above parameters equation (3.A.2) is non-dimensionalized as:
𝜕

𝜕𝜙

𝛿 2 𝛻𝐻 ∙ (𝜎𝛻𝐻 𝜙) + 𝜕𝑧 (𝜎 𝜕𝑧 ) = 0

(3.A.3)

𝛿 0 Order balance for (3.A.3) gives:
𝜕
𝜕𝑧

(𝜎0

𝜕𝜙0
𝜕𝑧

)=0

(3.A.4)

Considering 𝜎 = 𝜎(𝑥, 𝑦) only we get
𝜕
𝜕𝑧

𝜕𝜙

( 𝜕𝑧0 ) = 0

(3.A.5)

Integrating and applying the insulating boundary condition on top and bottom surface
gives us the equation
𝜕𝜙

At z= ±1, ( 𝜕𝑧0 ) = 0
𝜕𝜙

Hence ( 𝜕𝑧0 ) = 0

(3.A.6)
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Therefore 𝜙0 = 𝜙0 (𝑥, 𝑦) only.
𝛿 1 Order balance for (3.A.3) gives:
𝜕

𝜕𝜙

𝜕𝑧

( 𝜕𝑧0 ) = 0

(3.A.7)

Integrating and applying the insulating boundary condition on top and bottom surface
gives us the equation
𝜕𝜙

At z= ±1, ( 𝜕𝑧1 ) = 0
𝜕𝜙

Hence ( 𝜕𝑧1 ) = 0

(3.A.8)

Therefore 𝜙1 = 𝜙1 (𝑥, 𝑦) only.
𝛿 2 Order balance for (A.3) gives:
𝜕

𝜕𝜙

𝛻𝐻 ∙ (𝜎0 𝛻𝐻 𝜙0 ) + 𝜕𝑧 ( 𝜕𝑧2 ) = 0

(3.A.9)

Integrating and applying the insulating boundary condition on top and bottom surface
gives us the equation
𝛻𝐻 ∙ (𝜎0 𝛻𝐻 𝜙0 ) = 0

(3.A.10)

Therefore, from above equation we get
𝜕𝜙

( 𝜕𝑧2 ) = 0

(3.A.11)

𝛿 3 Order balance for (A.3) gives:
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𝜕

𝜕𝜙

𝛻𝐻 ∙ (𝜎1 𝛻𝐻 𝜙0 ) + 𝛻𝐻 ∙ (𝜎0 𝛻𝐻 𝜙1 ) + 𝜕𝑧 ( 𝜕𝑧3 ) = 0

(3.A.12)

Integrating and applying the insulating boundary condition on top and bottom surface
gives us the equation
∇H ∙ (𝜎1 𝛻𝐻 𝜙0 ) + 𝛻𝐻 ∙ (𝜎0 𝛻𝐻 𝜙1 ) = 0

(3.A.13)

To obtain the final depth average equation we perform (3.A.10) + δ× (3.A.13)
𝛻𝐻 ∙ (𝜎 𝛻𝐻 𝜙̅) = 0

(3.A.14)

This final equation for the DC Electric field retains its original form of the 3D equation.
It can be written as:
𝛻𝐻 ∙ (𝜎𝐸𝐷𝐶 ) = 0

(3.A.15)

Where 𝐸𝐷𝐶 = −𝛻𝜙𝐷𝐶 and 𝜙𝐷𝐶 is the applied DC Electric potential at the electrode.

3.2 Flow Field.
Similar to electric field equation we need to find the depth average equation for the
flow field. An asymptotic analysis is done similar to what we did in electric field equation.
For an incompressible fluid, the flow field is governed by continuity equation and modified
Stokes equation [98] because the Reynolds no is much smaller than one [98, 103]. Both
these equations are shown below.
2

0 = −𝛻𝑝 + 𝛻 ∙ (𝜂𝛻𝑢) + 〈𝜌𝑒 𝐸 − 0.5𝐸 𝛻𝜀〉

(3.B.1)

𝛻∙𝑢 =0

(3.B.2)

〈𝑓𝑒 〉 = 〈𝜌𝑒 𝐸 − 0.5𝐸 2 𝛻𝜀〉

(3.B.3)
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Where 〈𝑓𝑒 〉 is the electrothermal body force. It is the summation of Coulomb force (𝜌𝑒 𝐸)
and dielectric force (0.5𝐸 2 𝛻𝜀) [98], 𝜌𝑒 is the free charge density given by Poisson’s
equation, 𝜌𝑒 = 𝛻 ∙ (𝜀𝐸) p is the pressure and η is the dynamic viscosity of the fluid.

The slip velocity is on the upper and lower side of the wall (x and y), and is given by the
following equations:
𝑢 = −𝜀𝜁𝑤 𝐸 ⁄𝜂 And 𝑤 = 0
𝑅𝑒𝑑 =

(3.B.4)

𝜌𝑈𝑒𝑣 𝑑
𝜇

The Non-dimensionalized form of the equation can be written as:
For continuity equation,
𝛻𝐻 ∙ 𝑢 +

𝜕𝑤
𝜕𝑧

=0

(3.B.5)

Along X and Y directions,
𝜕2 𝑢

𝜕𝑢

1 𝜕2 𝜙

𝑅𝑒𝑑 𝛿 ( 𝜕𝑡 + 𝑢 ∙ 𝛻𝑢) = −𝛻𝐻 𝑝 + 𝛿 2 𝛻𝐻2 𝑢 + 𝜕𝑧 2 + (𝛻𝐻2 𝜙 + 𝛿2 𝜕𝑧 2 ) 𝛻𝐻 𝜙

(3.B.6)

Along Z direction,
𝜕𝑤

𝜕2 𝑤

𝜕𝑝

1 𝜕2 𝜙 𝜕𝜙

𝑅𝑒𝑑 𝛿 3 ( 𝜕𝑡 + 𝑢 ∙ 𝛻𝑤) = − 𝜕𝑧 + 𝛿 4 𝛻𝐻2 𝑤 + 𝛿 2 𝜕𝑧 2 + (𝛻𝐻2 𝜙 + 𝛿2 𝜕𝑧 2 ) 𝜕𝑧

(3.B.7)

Performing an δ0 order balance for (3.B.5) – (3.B.7):
𝛻𝐻 ∙ 𝑢0 +

𝜕𝑤0
𝜕𝑧

0 = −𝛻𝐻 𝑝0 +

=0
𝜕 2 𝑢0
𝜕𝑧 2

(3.B.8)
+ 𝛻𝐻2 𝜙0 𝛻𝐻 𝜙0

(3.B.9)

26

0=−

𝜕𝑝0

(3.B.10)

𝜕𝑧

From equation (3.B.10), we can see that p0 is not a function of z. Therefore, we can
write 𝑝0 = 𝑝0 (𝑥, 𝑦).
After doing the order analysis of equation (3.B.6) and (3.B.7) we can say that gradients
of 𝜙0 ,𝜙1 , 𝜙2 , 𝜂 and ε with respect to z will be zero.
Also, the third term is independent of z-direction, so taking A= 𝛻2𝐻 𝜙0 𝛻𝐻 𝜙0
Integrating equation (3.B.9), we get
𝑧2

𝑢0 = (𝛻𝐻 𝑝0 − 𝐴) ( 2 )+ C1z+ C2

(3.B.11)

C1 and C2 are constant of integration. Applying the boundary condition at 𝑢0 = 𝑢𝑒𝑜0 at
z=±1, we get
𝑧 2 −1

𝑢0 = (𝛻𝐻 𝑝0 − 𝐴) (

2

) + 𝑢𝑒𝑜0

(3.B.12)

Depth averaging equation (3.B.12) gives:
𝑢0 =
̅̅̅

−1
3

(𝛻𝐻 𝑝0 − 𝐴) + 𝑢𝑒𝑜0

(3.B.13)

Also, considering the first term on right-hand side of equation (3.B.13) as
−1
̅̅̅
𝑈0 = 3 (𝛻𝐻 𝑝0 − 𝐴)

(3.B.14)

We get on substituting equation (3.B.14) in equation (3.B.13)
2

1
3𝑧
𝑢0 = ̅̅̅
𝑢0 + ̅̅̅
𝑈0 (2 − 2 )

(3.B.15)
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Depth averaging eq. (3.B.8) we get
1

1 𝜕𝑤0

𝛻𝐻 ∙ ̅̅̅
𝑢0 + 2 ∫−1

𝜕𝑧

=0

Applying the boundary condition, 𝑤0 = 0 at z = ±1,
𝛻𝐻 ∙ ̅̅̅
𝑢0 = 0

(3.B.16)

To calculate w0 we will be integrating equation (3.B.8) and substituting equation
(3.B.15), we get
𝑧3

𝑧

𝑤0 = 𝛻𝐻 ∙ ̅̅̅̅
𝑈0 ( 2 − 2)

(3.B.17)

Performing an δ1 order balance for (3.B.2), we obtain,
𝜕𝑢

𝑅𝑒𝑑 ( 𝜕𝑡0 + 𝑢0 ∙ 𝛻𝐻 𝑢0 + 𝑤0
𝜕2 𝜙3
𝜕𝑧 2

𝜕𝑢0

) = −𝛻𝐻 𝑝1 +
𝜕𝑧

𝜕2 𝑢1
𝜕𝑧 2

+ 𝛻𝐻2 𝜙0 𝛻𝐻 𝜙1 + 𝛻𝐻2 𝜙1 𝛻𝐻 𝜙0 +

𝛻𝐻 𝜙0

0=−

(3.B.18)

𝜕𝑝1

(3.B.19)

𝜕𝑧

The 2nd and 3rd term on Right-hand side is independent of z-direction, so
Let 𝛻𝐻2 𝜙0 𝛻𝐻 𝜙1 + 𝛻𝐻2 𝜙1 𝛻𝐻 𝜙0 = A
Integrating equation, we get,
𝜕𝑢

𝑢1 = 𝑅𝑒𝑑 ( 𝜕𝑡0 + 𝑢0 ∙ 𝛻𝐻 𝑢0 + 𝑤0

𝜕𝑢0 𝑧 2

)
𝜕𝑧

2

𝛻𝐻 𝑝1 −𝐴 𝑧 2

+(

𝜂

)

2

+ 𝑐1 𝑧 + 𝑐2

(3.B.20)

Here c1 and c2 are constants of integration. Applying the boundary conditions 𝑢1 = 𝑢𝑒𝑜1
at z = ±1 to Eq. (3.B.20) and depth averaging, while neglecting high order terms gives
̅̅̅̅
−1 𝜕𝑢

1

𝑢1 = 𝑅𝑒𝑑 [ 3 ( 𝜕𝑡0 + ̅̅̅
̅̅̅
𝑢0 ∙ 𝛻𝐻 ̅̅̅)]
𝑢0 − 3 (𝛻𝐻 𝑝1 − 𝐴) + 𝑢𝑒𝑜1
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(3.B.21)

On rearranging
̅̅̅̅
𝜕𝑢

𝑅𝑒𝑑 ( 𝜕𝑡0 + ̅̅̅
𝑢0 ∙ 𝛻𝐻 ̅̅̅)
𝑢0 = −𝛻𝐻 𝑝1 + 𝐴 − 3(𝑢
̅̅̅1 − 𝑢𝑒𝑜1 )

or

̅̅̅̅
𝜕𝑢

𝑅𝑒𝑑 ( 𝜕𝑡0 + ̅̅̅
𝑢0 ∙ 𝛻𝐻 ̅̅̅)
𝑢0 = −𝛻𝐻 𝑝1 + 𝛻𝐻2 𝜙0 𝛻𝐻 𝜙1 + 𝛻𝐻2 𝜙1 𝛻𝐻 𝜙0 − 3(𝑢
̅̅̅1 − 𝑢𝑒𝑜1 )
(3.B.22)

Performing an 𝛿 2 order balance for (3.B.2), we obtain,
𝑅𝑒𝑑 (

̅̅̅̅
𝜕𝑢
1
𝜕𝑡

+ ̅̅̅
𝑢1 ∙ 𝛻𝐻 ̅̅̅
𝑢0 + ̅̅̅
𝑢0 ∙ 𝛻𝐻 ̅̅̅)
𝑢1 = −𝛻𝐻 𝑝2 +

𝛻𝐻2 𝜙2 𝛻𝐻 𝜙0 + 𝛻𝐻2 𝜙1 𝛻𝐻 𝜙1
𝜕𝑝2

0=−

𝜕𝑧

𝛻𝐻 ∙ 𝑢2 +

+

𝜕

𝜕𝒖2

𝜕𝑧

(

𝜕𝑧

) + 𝛻𝐻2 𝜙0 𝛻𝐻 𝜙2 +
(3.B.23)

𝜕2 𝑤0

(3.B.24)

𝜕𝑧 2

𝜕𝑤2
𝜕𝑧

=0

(3.B.25)

The last three terms on the right-hand side are independent of z and are written as:
𝐸 = 𝛻𝐻2 𝜙0 𝛻𝐻 𝜙2 + 𝛻𝐻2 𝜙2 𝛻𝐻 𝜙0 + 𝛻𝐻2 𝜙1 𝛻𝐻 𝜙1
Therefore, the equation can be written as
̅̅̅̅
𝜕𝑢

𝜕

𝜕𝑢

𝑅𝑒𝑑 ( 𝜕𝑡1 + ̅̅̅
𝑢1 ∙ 𝛻𝐻 ̅̅̅
𝑢0 + ̅̅̅
𝑢0 ∙ 𝛻𝐻 ̅̅̅)
𝑢1 = −𝛻𝐻 𝑝2 + 𝜕𝑧 ( 𝜕𝑧2 ) + 𝐸

(3.B.26)

Integrating the above equation, applying Boundary condition 𝑢2 = 𝑢𝑒𝑜2 at z = ±1 and
depth averaging we get:
𝑅𝑒𝑑 (

̅̅̅̅
𝜕𝑢
1
𝜕𝑡

+ ̅̅̅
𝑢1 ∙ 𝛻𝐻 ̅̅̅
𝑢0 + ̅̅̅
𝑢0 ∙ 𝛻𝐻 ̅̅̅)
𝑢1 = −𝛻𝐻 𝑝2 + 𝐸+𝛻𝐻2 ̅̅̅
𝑢0 − 3(𝑢
̅̅̅2 − 𝑢𝑒𝑜2 ) (3.B.27)

To obtain the final depth average equation, we need to do asymptotic analysis by adding
(B.14) + δ × (B.18) + δ2 × (B.22) we obtain,
𝑅𝑒𝑑 𝛿 (

𝜕𝑢̅
+ 𝑢̅. 𝛻𝐻 𝑢̅) = −𝛻𝐻 𝑝 + 𝛿 2 𝛻𝐻2 𝑢̅ − 3(𝑢̅ − 𝑢𝑒𝑜 ) + 𝛻𝐻2 𝜙𝛻𝐻 𝜙
𝜕𝑡

29

3.3 Mass Transport Equation
The convective diffusion equation is applied across the fluid domain of the model.
The particle size used is small, so the working fluid can be assumed as a continuum of the
dilute solution. The following equation represents the mathematical form of the equation.
∂c
+ v ∙ ∇c = D∇2 c
∂t
Where c is the molar concentration of particle, v is the velocity and D is the diffusion
coefficient. A depth average analysis is being done in a similar fashion as the previous
equations. The details of the depth average equation are presented below:
Expanding the above equation
𝜕𝑐

𝜕𝑐

𝜕𝑐

𝜕𝑐

𝜕2 𝑐

𝜕2 𝑐

𝜕2 𝑐

+ (𝑢 + 𝑢𝑒𝑝 ) 𝜕𝑥 + (𝑣 + 𝑣𝑒𝑝 ) 𝜕𝑦 + (𝑤 + 𝑤𝑒𝑝 ) 𝜕𝑧 + 𝑐(𝛻. 𝑢𝑒𝑝 ) = 𝐷(𝜕𝑥 2 + 𝜕𝑦 2 + 𝜕𝑧 2)
𝜕𝑡
(3.C.1)

Expanding the LHS of above equation, we get
𝜕𝑢𝑒𝑝 𝜕𝑣𝑒𝑝 𝜕𝑤𝑒𝑝
𝜕𝑐
𝜕𝑐
𝜕𝑐
𝜕𝑐
𝜕𝑐
𝜕𝑐
𝜕𝑐
+𝑢
+𝑣
+ 𝑤 + 𝑢𝑒𝑝
+ 𝑣𝑒𝑝
+ 𝑤𝑒𝑝 + 𝑐 (
+
+
)
𝜕𝑡
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑥
𝜕𝑦
𝜕𝑧
= 𝑅. 𝐻. 𝑆
Let

𝜕𝑐

𝜕𝑐

𝜕𝑐

𝑢𝑒𝑝 𝜕𝑥 + 𝑣𝑒𝑝 𝜕𝑦 + 𝑤𝑒𝑝 𝜕𝑧 = 𝐴
𝜕𝑢𝑒𝑝 𝜕𝑣𝑒𝑝 𝜕𝑤𝑒𝑝
𝑐(
+
+
)=𝐵
𝜕𝑥
𝜕𝑦
𝜕𝑧

Substituting values of 𝑢𝑒𝑝 , 𝑣𝑒𝑝 , 𝑤𝑒𝑝 in A, we get
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𝑈𝑒𝑝 = 𝑝𝑎 𝐸 , 𝑝𝑒 =

A=

B=

𝐶𝑜 𝑃𝑎 𝜑0
𝐻2

𝐶𝑜 𝑃𝑎 𝜑0
𝐻2

𝑈𝑒𝑣 𝑑
𝐷

and 𝑝𝑎′ = 𝑝𝑎 𝑐′𝜑𝑜
1 𝜕𝜙 𝜕𝑐

(𝛻𝐻 𝜑. 𝛻𝐻 𝑐 + 𝛿2

𝜕𝑧 𝜕𝑧

)

1 𝜕2 𝜙

(𝛻𝐻2 𝜑 + 𝛿2 𝜕𝑧 2 )

Substituting back in equation (3.C.1), we get
𝜕𝑐

𝑃𝑒 𝛿 (𝜕𝑡 + 𝑣 ∙ 𝛻𝑐) –

𝑃′ 𝑎 𝛿2
𝐷

1

𝜕𝜙 𝜕𝑐

𝜕2 𝜙

𝜕2 𝑐

(𝛻𝐻 𝜑. 𝛻𝐻 𝑐 + 𝑐𝛻𝐻2 𝜑 + 𝛿2 ( 𝜕𝑧 𝜕𝑧 + 𝑐 𝜕𝑧 2 ))=(𝛿 2 𝛻𝐻2 𝑐 + 𝜕𝑧 2 )
(3.C.2)

At the 𝛿 0 -order, we have
𝜕2 𝑐0
𝜕𝑧 2

=0

(3.C.3)

Applying the boundary condition

𝜕𝑐0
𝜕𝑧

= 0 at z = ±1 we get:

𝑐 = 𝑐0 (𝑥, 𝑦, 𝑡)

(3.C.4)

At the 𝛿 1 -order, we have
𝜕𝑐

𝑃𝑒 ( 𝜕𝑡0 + u0 ∙ ∇𝐻 𝑐0 ) =

𝜕2 𝑐1

(3.C.5)

𝜕𝑧 2

Depth-averaging and applying the boundary condition, we get
1 𝜕2 𝑐1

∫−1

𝜕𝑧 2

1

𝜕𝑐

𝑑𝑧 = ∫−1 𝑃𝑒 ( 𝜕𝑡0 + u0 ∙ ∇𝐻 𝑐0 ) 𝑑𝑧

(3.C.6)

Therefore, we have
𝜕𝑐0
𝜕𝑡

+ ̅̅̅
u0 ∙ ∇𝐻 𝑐0 = 0

(3.C.7)

On integrating equation (3.C.6) in the z direction we get,
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𝜕𝑐1
𝜕𝑧

𝜕𝑐
̅̅̅0̅ ∙ ∇𝐻 𝑐0 ) (1 𝑧 − 1 𝑧 3 )] + 𝐴0
= 𝑃𝑒 [ 𝜕𝑡0 𝑧 + (u
̅̅̅0 ∙ ∇𝐻 𝑐0 )𝑧 + (U
2
2

(3.C.8)

Applying the Boundary conditions integrating equation (3.C.8), we get
1

1

̅̅̅0̅ ∙ ∇𝐻 𝑐0 ) ( 𝑧 2 − 𝑧 4 ) + 𝐴1
𝑐1 = 𝑃𝑒 (U
4
8

(3.C.9)

Depth averaging the above equation gives us
1
̅̅̅0̅ ∙ ∇𝐻 𝑐0 ) (− 7 + 𝑧 2 − 1 𝑧 4 )
𝑐1 = 𝑐̅1 + 4 𝑃𝑒 (U
30
2

(3.C.10)

For the 𝛿 2 we have the following equation
𝜕𝑐

𝑃𝑒 ( 𝜕𝑡1 + u1 ∙ ∇𝐻 𝑐0 + u0 ∙ ∇𝐻 𝑐1 + 𝑤0
= ∇2𝐻 𝑐0 +

𝜕𝑐1
𝜕𝑧

+ 𝑤0

𝜕𝑐1

)−
𝜕𝑧

𝑃′ 𝑎
𝐷

(∇𝐻 𝜑. ∇𝐻 𝑐 + 𝑐∇2𝐻 𝜑)

𝜕2 𝑐2

(3.C.11)

𝜕𝑧 2

Depth averaging the above equation and applying the boundary condition gives:
̅̅̅̅̅̅̅̅
̅̅̅
𝜕𝑐
𝜕𝑐1
𝑃′ 𝑎
2
2
̅̅̅̅̅̅̅̅̅̅̅
𝑃𝑒 ( 𝜕𝑡1 + ̅̅̅
u1 ∙ ∇𝐻 𝑐0 + u
0 ∙ ∇𝐻 𝑐1 + 𝑤0 𝜕𝑧 ) − 𝐷 (∇𝐻 𝜑. ∇𝐻 𝑐 + 𝑐∇𝐻 𝜑) = ∇𝐻 𝑐0 (3.C.12)

Substituting for the expressions for u0 , 𝑤0 , and 𝑐1, and expanding (3.C.12) we get,
̅̅̅
𝜕𝑐
1
𝜕𝑡

+ ̅̅̅
u1 ∙ ∇𝐻 𝑐0 + ̅̅̅
u0 ∙ ∇𝐻 𝑐̅1 −

𝑃′ 𝑎
𝐷

1 2
2
(∇𝐻 𝜑. ∇𝐻 𝑐 + 𝑐∇2𝐻 𝜑) = 𝑃 ∇𝐻 𝑐0 + 105 𝑃𝑒 [(̅̅̅̅
U0 ∙
𝑒

∇𝐻 )(̅̅̅̅
U0 ∙ ∇𝐻 𝑐0 ) + (∇𝐻 ∙ ̅̅̅̅
U0 )(̅̅̅̅
U0 ∙ ∇𝐻 𝑐0 )]

(3.C.13)

Performing (3.C.7) + 𝛿 ×(3.C.13), we obtain

𝜕𝑐̅

+ ∇𝐻 . (u̅𝑝 . 𝑐̅) =
𝜕𝑡

𝑃′ 𝑎
𝐷

𝛿

2

̅ ∙ (𝑈
̅∙
(∇𝐻 𝜑̅. ∇𝐻 𝑐̅ + 𝑐̅∇2𝐻 𝜑̅) + 𝑃 ∇2𝐻 𝑐̅ + 105 𝑃𝑒 𝛿[𝛻𝐻 . (𝑈
𝑒

𝛻𝐻 𝑐̅))]

(3.C.14)

Where 𝑢𝑝 = 𝑢 + 𝑢𝑒𝑝
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3.4. Energy Equation
When an electric field is applied across the microchannel, the joule-heating effect is
observed to take place as explained in the earlier chapter. Due to Joule heating, a rise in
temperature takes place across the microchannel and PDMS. This heat generated is
dissipated in all directions across the model. Heat transfer through convection takes places
from the top and sidewalls of PDMS and top surface of the reservoir, by conduction from
the bottom side of PDMS and between glass, film, and PDMS. The energy equation is
given by [98]

𝜕𝑇

𝜌𝐶𝑝 ( 𝜕𝑡 + u ∙ ∇𝑇) = ∇ ∙ (𝑘∇𝑇) + 𝜎〈E 2 〉

(3.D.1)

The boundary conditions are:
𝜕𝑇
𝜕𝑧

𝜕𝑇
𝜕𝑧

1 (𝑇−𝑇∞ )

= −𝑘

𝑅𝑢𝑠

1 (𝑇−𝑇∞ )

=𝑘

𝑅𝑙𝑠

at the top surface.

at the bottom surface.

Non-Dimensionalizing the above equation by substituting with 𝑍′ =

𝜎𝐸20 𝑑2
𝑘𝑇∞

and 𝑝′ =

𝜌𝐶𝑝 𝑈𝑒𝑣 𝑑
𝑘
𝜕2 𝑇

𝜕𝑇

1

𝜕𝜙 2

𝑝′ 𝛿 ( 𝜕𝑡 + 𝑢 ∙ ∇𝑇) = 𝛿 2 ∇2𝐻 𝑇 + 𝜕𝑧 2 + 𝑍 ′ (∇𝐻 𝜙∇𝐻 𝜙 + 𝛿2 ( 𝜕𝑧 ) )

(3.D.2)

Performing 𝛿 0 order balance on (3.D.2):
0=

𝜕2 𝑇0
𝜕𝑧 2

+ 𝑍′𝑒∇𝐻 𝜙0 ∇𝐻 𝜙0

(3.D.3)

Depth averaging and applying the following boundary conditions yields:
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0=

𝑞𝑢0 −𝑞𝑙0
2

+ 𝑍′(∇𝐻 𝜙0 ∇𝐻 𝜙0 )

(3.D.4)

Performing a 𝛿 1 order balance for Eq. (3.D.2):
𝜕𝑇

𝑃′ ( 𝜕𝑡0 + 𝑢0 ∙ ∇𝐻 𝑇0 + 𝑤0

𝜕𝑇0

)=
𝜕𝑧

𝜕2 𝑇1
𝜕𝑧 2

+ 2 𝑍′(∇𝐻 𝜙1 ∇𝐻 𝜙0 )

(3.D.5)

Depth averaging and applying the following boundary conditions yields:
̅̅̅
̅̅̅̅̅̅̅̅
𝜕𝑇
𝜕𝑇
𝜕2 ̅̅̅
𝑇
𝑃′ ( 𝜕𝑡0 + ̅̅̅̅̅̅̅̅̅̅̅̅
𝑢0 ∙ ∇𝐻 𝑇0 + 𝑤0 𝜕𝑧0 ) = 𝜕𝑧 21 + 2 ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
𝑍′(∇𝐻 𝜙1 ∇𝐻 𝜙0 )

(3.D.6)

To obtain the final depth average equation, we need to do asymptotic analysis by adding
(3.D.4) + δ × (3.D.6)
The simplification leads to:
𝜕𝑇̅

𝑃′𝛿 [ 𝜕𝑡 + 𝑢̅ ∙ ∇𝐻 𝑇̅] = 𝛿 2 ∇𝐻 2 𝑇̅ +

𝑞𝑢 −𝑞𝑙
2

+ 𝑍′(∇𝐻 𝜙∇𝐻 𝜙)

(3.D.7)

On arriving at the Eq. (3.D.7), we have arbitrarily added or dropped terms without losing
the asymptotic consistency [97,102].
3.5 Boundary Conditions
The above-explained equations of electric current, flow field, concentration
equation, and energy equation are coupled together and solved simultaneously in the
numerical model. The electric current, flow field, concentration equation are solved for the
microchannel region only while energy equation is solved for both microchannel and
PDMS region. Different boundary conditions are associated with the above-mentioned
equations and are explained below.
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3.5.1 Electric current
The electric field is confined to the microchannel region so an insulating boundary
condition (n ∙ (𝜎∇𝜙𝐷𝐶 ) = 0, n is the unit normal vector) is imposed on all the sidewalls
of the microchannel. Electric potential is applied at the two opposite ends of the channel,
which is shown by two holes. Since the electrodes are made of platinum, they have high
electrical and thermal conductivities; they are hence treated as holes in 2D modeling. At
the inlet channel electrode, we apply 𝜙𝐷𝐶 voltage and ground potential on the outlet channel
electrode.

3.5.2 Fluid flow field
Since there is no pressure driven flow in our model, we apply a boundary condition
of P=0 at two ends of the microchannel. A no slip u=0 boundary condition is applied on
the electrode surface because the local electric field is normal to the surface. Smoluchowski
electroosmotic slip velocity condition is applied on the on the top wall of the channel and
reservoir. EDL is very small as compared to the width of the channel and hence we apply
can apply the slip velocity boundary condition. Since our model is symmetric about
horizontal axis, a symmetry boundary condition is also applied on the bottom wall of the
channel.
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3.5.3 Mass transport
This is also confined to the microchannel region of the geometry. An initial uniform
concentration of C=1 mol/m3 is applied to the fluid domain. All the channel boundaries
except for the symmetry plane are insulated for mass transport equation.
3.5.4 Temperature Field
Both the microchannel(fluid) and PDMS(solid) regions are selected for temperature
field since heat diffusion takes places via conduction from channel to PDMS and then to
surrounding via convection. Since the electrodes have high thermal conductivity, there is
no temperature drop inside them and an isothermal boundary condition (T=𝑇∞ ) is applied
on them.
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CHAPTER FOUR
RESULTS AND DISCUSSION
4.1 Introduction
In this chapter, we will discuss both the numerical and experimental results that we
obtained from our work done. DEP forces depend on the size of the particle. The DEP force
is directly proportional to the cube of the size of the particle. Since the size of the particle
is small, the difficulty of trapping and pre-concentration increases greatly [38]. To
compensate for the weak DEP force due to small size of particle we need to greatly enhance
the electric field. This increase in electric field would help to improve trapping of the
particle. Due to the above-mentioned reason, the insulator based DEP or iDEP devices
seems to be as reasonably choice to trap sub micro species. In iDEP devices, non-uniform
cross section of the microchannel geometry is used to develop temperature gradients. In
addition, the use of a high conductivity buffer solution ensures a better throughput of the
system [104]. However, with these advantages there is a major phenomenon that comes
into play when a high electric field is used in combination with high conductivity buffer
solution, which is called as Joule heating. Therefore, the iDEP devices serve as a much
better choice for the trapping of sub-micrometer sized particles.
Due to the joule heating effect, there is an electrothermal flow induced, which exerts
a drag force. This drag force then competes with the drag force applied by the nDEP. The
two forces then together affect the electrokinetic motion of the suspended species. Since
the size of the sub-micron particle is small, the electrothermal drag force dominates flow
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over the drag force due to nDEP. In fact, the electrothermal drag force is expected to
effectively dominate the motion at the insulating constriction. This work deals with the
development of a model, which could be used to manipulate the motion of sub-micron
species by using electrothermal flow. A region of multiple constrictions is generated called
as ratchet microchannel. The experimentally obtained results are compared with the
numerically obtained results.
4.2 Experimental and numerical results and discussions

Figure 4.1. Variation of electric field at the channel centerline along the length of the
ratchet microchannel channel for 50V DC applied electric field.

Figure 4.1 represents the variation of electric field at the channel centerline along the
length of microchannel. The applied voltage is 50V DC. As per current conservation law,
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the local amplification in electric field can be seen due to potential drop. Since our model
has a ratchet geometry with multiple constrictions, periodic oscillations of electric field can
be seen at each ratchet. These sharp peaks due to ratchet geometry gives us multiple regions
of interest for manipulating motion of species.

Figure 4.2. Experimentally obtained superimposed path lines are compared with the
numerically predicted streamlines for different AC/DC ratio. The development of
electrothermal vortices can be seen for 0.5-micron particles with the increasing AC/DC
ratio. The direction of the electroosmotic fluid flow is from top to bottom while the
direction of the tracing particle is from bottom to top due to the dominance of the
electrophoresis over electroosmotic flow. The arrowed loop in the 50V DC and 1200V AC
shows the direction of the electrothermal vortices.

Figure 4.2 shows a comparison between the experimentally obtained streamlines and
numerically obtained streamlines for a 50V DC biased AC Voltage at the tip of the ratchets.
To obtain the experimental streak images, we superimpose images at every instant over the
whole length of the video. It can be conclude that up to 600V AC voltage, the particle
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mostly follow the path of the electric field lines. The electrokinetic motion is dominant at
this voltage and the electrothermal flow is not strong enough to overcome its effect. At
700V AC voltage we can see that the electrothermal flow start to show its effect or the
joule heating effect can be noticed. The particle then can be seen to follow streamlines of
electrothermal flow. As we increase the AC/DC ratio the joule heating effect increase and
the size of the vortices around the ratchet increases. We change the AC/DC ratio from
12(600 AC/50V DC) Fig 4.2A, 14(700V AC/50V DC) Fig 4.2B, 18(900V AC/50V DC)
Fig 4.2C to 24(1200V AC/50V DC) Fig 4.2D and consequently we can see the significant
increase in the size of the two vortices.

Figure 4.3. The part A shows the numerically predicted development of temperature field
contour around the ratchet channel region of the computational domain. The part B of the
figure shows the development of temperature at three different locations with the passage
of time.
Figure 4.3a shows the development of temperature field with the passage of time.
The temperature field is completely developed after about 200 ms. The electric field as
explained previously develops almost instantaneously after is it applied, so the joule
heating effect and the temperature rise in the constriction region also happen very rapidly
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within milliseconds. After the temperature field is fully developed, the maximum
temperature is around 311K. The heat generated in the microchannel region propagates to
the other parts of the device and the temperature field develop in a similar fashion with a
lower maximum temperature. As predicted in the previous model [105] the temperature
profile shifts towards the downstream region of the microchannel due to fluid flow.
Figure 4.3b shows the temperature-time graph for the constriction, microchannel and
PDMS region of the model. The graph for all the three regions follow a similar trend with
different peak temperature. Initially, the temperature rises at a faster rate and then increases
gradually. The joule heating effect is restricted to the fluid domain, so the initial rate of
temperature rise is much greater that the glass and PDMS region. This can be clearly
observed from the graph.
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Figure 4.4. Transient development of electric field along the length of the channel
centerline in the range of 70μm around the tip of ratchet. The arrow indicates the direction
of increase in time starting from 10ms, 20 ms to 200ms.

Figure 4.4 shows the electric field profile around the tip region of the ratchet for
different time instant ranging from 0 ms to 200 ms. It can be seen from the graph that
electric field profile develops almost instantly at t=0 sec. The electric field profile remains
unchanged after 200 ms and is therefore not shown in the figure.
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Where

∇∗ = 𝐿𝑟𝑒𝑓 ∇, 𝜎 ∗ =
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This instantaneous development of electric field can be explained with equation
above-mentioned equation of electric field. For further detail into mathematical analysis,
users can refer to [97]. The development of electric field is coupled with the temperature
field of the fluid domain. The properties are temperature dependent and the temperature
field has a transient change. By plugging in the reference values for permittivity and
conductivity, the charge relaxation time comes out to be of few nanoseconds. This means
that the charge relaxation no reaches very high value almost instantaneously and hence we
see that electric field distribution attains steady state almost instantaneously. As the
temperature increases, the electrical conductivity increases and the electric field decreases
slightly as per the current conservation law. As shown previously the rate of temperature
increase drops with the passage of time and therefore the rate of drop of electric field
follows similar trend. The temperature profile almost fully develops at around 200 ms and
therefore the electric field almost attains steady state after that.
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Figure 4.5. Numerically predicted contours of (A). Electric field (B). Temperature field
(C). Electrical Conductivity (D). Electric permittivity €. Electrothermal body force (F).
Velocity Field at the constriction region of a ratchet for 50V DC and 900V AC Voltage.

Figure 4.5 illustrates the development of electrothermal fluid circulations in the
electroosmotic entry flow for the case of 50V DC biased 900V AC Voltage. The fluid
properties as explained previously are temperature dependent. The constriction region has
smaller area as compared to the reservoir region. Due to this the electric field amplifies in
the constriction region. This can be illustrated in figure 4.5A. Due to this amplified electric
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field, the joule heating takes places in the constriction region, which in turn raises the fluid
temperature. This can be illustrated in figure 4.5B Due to these temperature gradients, nonuniformities occur in the fluid properties. The electric conductivity increases by almost 50
percent, illustrated in figure 4.5C and the electrical permittivity decreases by almost 10
percent, illustrated in figure 4.5D. When DC biased AC field acts on these gradients in
fluid properties, it induces electrothermal body force and is illustrated in figure 4.5E. The
elecrothermal body force i.e. f𝑒 can be expressed by equation (3.B.3.), its magnitude is
higher near the walls of channel than the centerline of channel, and hence the local fluid
velocity is reversed. This gives rise to electrothermal fluid circulations. Electrothermal
fluid circulations can be illustrated in figure 4.5F.

Figure 4.6. Comparison of experimental obtained snapshot and numerically predicted
increase in particle entrainment within the vortices at the constriction region of ratchet
microchannel with the increase in time.
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The trapping of sub-micron particle takes place at the region where electrothermal
vortices are formed in the channel. The claim can further be justified with the help of
concentration distribution of the particles in the microchannel region. Figure 4.6 represents
a comparison between the experimentally obtained snapshot of the particle constriction
with the numerically predicted concentration distribution of the particle at different times.
The applied voltage is 50V DC and 1000V AC. The increase for particle concentration
within the vortices with the increase in time can be seen in the experimental snapshot. In
the experimental image the particle can be seen to be trapped exclusively in the downstream
vortices around the ratchet tip. The reason for this kind of behavior is due to the direction
of rotation of electrothermal vortices. The electrothermal drag force interacts with the
particles at the upstream vortices and pulls the incoming particle with the flow. The
particles are then pushed towards the downstream vortices. The direction of rotation of
electrothermal flow in the downstream regions is opposite in direction and therefore it tends
to momentarily retard the particle motion, thereby facilitating entrainment of the particles
[97]. The numerical simulations results can be seen to predict the similar kind of particle
entrainment behavior and increase in the concentration of particle at each vortex.
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Figure 4.7. Electrothermal trapping zones at 20 seconds across the length of the
microchannel for a 0.5-micron particle.
Figure 4.7 shows the comparison between the experimental obtained and
numerically predicted concentration increase over the length of the ratchet channel at 20
second. From figure 4.7 the concentration is seen to decrease as we move from the outlet
of the channel to the inlet in the direction of particle motion. This is because, as the particle
moves from outlet of the channel to the inlet of the channel, the concentration available for
entrainment decreases. The difference, however is not very large since it is compensated
by the initial concentration of the mass which is present near the ratchet region. This mass
gets trapped in the downstream vortices and hence effect the local increase in the particle
concentration. The experiment is not run for more than 20 seconds since the amount of heat
generated in the constriction region becomes very high. Due to this high heat generation
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secondary electrothermal forces are induced from lower temperature reservoir to higher
temperature constriction region. This high heat generated which in turn induces
electrothermal flow damages the micro device and hence limits its functionality [97].

Figure 4.8. Comparison between experimentally measured and numerical predicted rise of
current with increase in AC-DC ratio. The non-linear increase of the current is due to joule
heating effect caused by change in electrical conductivity due to rise in temperature.
Figure 4.8 shows a comparison between the experimentally and numerically
measured current in the microchannel region. The ratio of current is plotted against the ACDC ratio. For the experimental part, the current is measured at each AC-DC ratio and then
the system is left to cool down to ambient temperature before the next set of reading are
taken. The numerical results seems to agree reasonably with the experimentally measured
values. At higher voltages, due to joule heating the rise in temperature is high, which causes
the damage to the PDMS. Due to this damage the thermal properties of the PDMS are
altered, thereby making PDMS thermally resistive which results in higher buffer
temperature. At low voltage ratio the joule heating is low which does not have a significant
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effect on temperature dependent electrical conductivity and hence the graph shows a linear
variation. But as the AC-DC ratio increases, the joule heating increases and in turn the high
temperature causes a significant change in electric current in the buffer. Due to this
increased conductivity, the electric current then follows a non-linear variation as the
voltage ratio is further increased. The experimental data used in this thesis is obtained from
a single experiment done for symmetric channel for different set of AC voltages.

Figure 4.9.This plot shows the comparison between experimental measurements of
concentration vs numerically predicted measurement of concentration for a 0.5-micron
particle along with increase time.
The above plot shows the comparison between experimentally and numerically
predicted rise in concentration with the increase in time. As explained before for small
particles electrothermal vortices that generate due to joule heating inside the constriction
region can be exploited to trap particles inside them. With this advantage, joule heating has
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a disadvantage of heating up the micro device thereby limiting the run time to very small
periods of about 20 sec. Therefore we only have data for around 20 seconds because after
that the risk of damage to device occurs. From the graph, it can be said that our numerical
model is able to predict the results with reasonable accuracy.

Figure 4.10 the figure shows the numerically predicted concentration distribution for the
manipulation of 0.5-micron particle around the center of the ratchet channel when no joule
heating is present.
Figure 4.10 shows the concentration plot for the case of only dielectrophoretic
manipulation of particles. A 50V DC and 1000V AC voltage is applied across the channel.
Joule heating is absent in this case. As we can seen, the particles can be seen converging
towards the center of the channel and does not provide a particular trapping zone where
particles could be concentrated, however this could be achieved using electrothermal
vortices as shown previously. This study further justifies our claim that joule heating
enabled particle manipulation is an effective way to trap sub-micron particles.
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CHAPTER FIVE
PARAMETRIC STUDY
5.1. Introduction
In this chapter, we examine the effect of different parameters on our experimental
and numerical part of the analysis. In the previous chapter the ratchet geometry that we
use, is symmetric in nature. We can further examine the results by changing the shape of
the ratchet while performing experiments and then develop a numerical model for
comparison. For experimental part, the fabrication technique used to manufacture
asymmetric ratchet geometries is similar to those used to manufacture symmetric channel
(explained in detail in the second chapter) and hence not discussed in detail here. For the
numerical modelling, we can simply change the geometry of the model to create
asymmetric ratchet channel. All the other material properties and dimension used are same.
As we discussed before, a major portion of joule heating is rejected along the depth
direction of the channel. The depth of the channel can also be altered to study the effect of
joule heating.
5.2 Backward Ratchet channel
The backward channel has the same dimensions as the symmetric channel discussed
before. The difference is in the shape of the ratchet. One surface of the ratchet is normally
oriented to the channel centerline and the other surface is inclined to the same surface.
When we move from the reservoir, which has DC, applied voltage or the inlet reservoir
towards the start of the ratchet geometry, if the direction of 1st ratchet surface which comes
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in contact with the fluid, is inclined towards the center of the microchannel, then it is termed
as backward ratchet channel.

Figure 5.1. shows the comparison between experimentally obtained superimposed images
of pathlines for different AC voltages and the numerically predicted image of streamlines
for different AC voltages. The development of electrothermal vortices can be seen for 0.5micron particles with the increasing AC/DC ratio. The arrowed loop in the 50V DC and
1000V AC shows the direction of the electrothermal vortices.

Figure 5.1 shows the comparison between the experimentally obtained superimposed
images of pathlines and numerically predicted image of streamlines for a 0.5 micron
particle in asymmetric backward ratchet channel geometry. The AC/DC voltage ratio is
increased from 50V DC and 400V AC to 50V DC to 1000V AC. The development of the
electrothermal vortices is evident from the figures in both experimental and numerical
images. For the case of 50V DC/ 400V AC and 50V DC and 600V AC no electrothermal
vortices can be seen in both the experimental and numerical images. At these voltages the
electrothermal force is not strong enough to overcome the electrokinetic motion. As the
AC voltage is further increased to 800V, the joule heating effects starts to come into play
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and the electrothermal vortices can be seen to be generated near the constriction region.
When the AC voltage is further increased, the size of the electrothermal vortices grows in
size and giving rise to two counter rotating vortices.

Figure 5.2. Comparison between experimentally obtained images of particle entrainment
in the electrothermal vortices and the numerically predicted images of particle entrainment
in the vortices for 0.5 micron particle at 20 sec, along the length of the channel.

Figure 5.2 figure shows the comparison between experimentally obtained snapshot
and numerically predicted images of particle entrainment within the vortices along the
length of the backward ratchet channel. Similar to the way of symmetric ratchet channel,
we see a decreasing trend in the concentration of particle as we move from outlet of channel
to the inlet of the channel. The numerical results seem to be in agreement with the
experimental observations. As for the backward channel we changed the shape of the
ratchet, the overall effect in the concentration of particle is not significant.
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5.3 Forward ratchet channel
Similar to the way in which we defined the backward channel, the forward channel
can be defined. One surface of the ratchet is normal to the channel centerline while the
other is inclined to the same. When we move from the reservoir, which has DC, applied
voltage or the inlet reservoir towards the start of the ratchet geometry, if the direction of
first ratchet surface which comes in contact with the fluid, is normal to the center of the
microchannel, then it is termed as forward ratchet channel. The forward ratchet channel
also has the same dimensions as the symmetric channel discussed before. For the
development of numerical model of forward channel, all the parameters are same as the
symmetric channel except for the change in shape.

Figure 5.3 shows the comparison between experimentally obtained superimposed images
of pathlines for different AC voltages and the numerically predicted image of streamlines
for different AC voltages. The development of electrothermal vortices can be seen for 0.5micron particles with the increasing AC/DC ratio. The arrowed loop in the 50V DC and
1000V AC shows the direction of the electrothermal vortices.
Figure 5.3 shows the comparison between the experimentally obtained superimposed
images of pathlines and numerically predicted image of streamlines for a 0.5-micron
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particle in asymmetric forward ratchet channel geometry. For the both the experimental
and numerical part the AC/DC is increased from 50V DC 400V AC to 50V DC to 1000V
AC. For the 50V DC 400V AC and 50V DC 600V AC voltage the streamlines lines does
not seem to be effected so we can say that electrothermal flow is not strong enough to
overcome to electrokinetic motion. As we further increase the applied voltage to 50V DC
800V AC we can see electrothermal vortices being formed in both the numerical and
experimental cases, which implies that electrothermal flow, is now strong enough to
overcome local electrokinetic motion. As we further increase the applied voltage to 50V
DC 1000V AC the joule heating becomes even stronger and the electrothermal vortices
grow in size giving rise to two counter rotating vortices.

Figure 5.4. Comparison between experimentally obtained images of particle entrainment
in the electrothermal vortices and the numerically predicted images of particle entrainment
in the vortices for 0.5 micron particle at 20 sec, along the length of the channel.
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Figure 5.4. Shows Comparison between experimentally obtained snapshot of particle
entrainment in the electrothermal vortices and the numerically predicted images in a
forward ratchet channel, for a 0.5mciron particle at 20 sec. Similar to the way of symmetric
ratchet channel, we see a decreasing trend in the concentration of particle as we move from
outlet of channel to the inlet of the channel. The numerical results seem to be in agreement
with the experimental observations. As for the forward channel we changed the shape of
the ratchet, the overall effect in the concentration of particle is not significant. A small
change in comparison to symmetric channel that we can observe is that the size of the
vortex looks a bit elongated which is due to the change in shape of the channel. However,
the overall change in concentration is not significant for both the experimental results and
the numerically predicted results. After reviving the cases for backward ratchet and forward
ratchet, we can say that the change in shape of the channel does not seem to effect the
particle entrainment in a significant way.
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Figure 5.5. (A) Part of the image shows the temperature and electrothermal body force
distribution in backward channel while (B) part shows part of the image shows the
temperature and electrothermal body force distribution in forward channel.
Figure 5.5 shows a comparison between (A) backward channel and (B) forward
channel properties temperature (left side) and electrothermal body force (right side) for a
50V DC and 1000V AC applied voltage. It can be clearly seen from the above figure that
the change in the shape of the ratchet channel does not affects the temperature field and the
electrothermal body force field. When electric field is applied, it is amplified in the
constriction region, which gives rise to joule heating and the temperature rise. The
gradients in temperature gives rise to electrothermal body force. These entire phenomenon
occur in same way as say in symmetric channel. Since the area of the constriction does not
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change with change in the shape of the ratchet, the temperature rise and other fluid
properties show the same variation as symmetric channel and hence not repeated here
again.

Figure 5.6. Numerically predicted variation of temperature, with the change in AC voltage
keeping DC voltage fixed. Graph is plotted for three different locations on computational
domain.
When the AC Voltage is increases, the electrothermal fluid circulations grows in size
as shown in figure 5.6. This is due to joule heating effect which occurs due to temperature
gradients which cause gradients in fluid property. This change in temperature with AC
voltage at different locations is plotted in figure 4.3. Different locations are 1. Centre of
microchannel 2. Constriction region (5μm below the tip of ratchet) 3. PDMS region
(200μm above the constriction in PDMS). The fluid temperature rise with increase in AC
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voltage for the constriction region is parabolic in nature. For the microchannel, PDMS
region the rise in temperature is very small. This shows that the major heat produced is
rejected along the depth wise direction especially through the glass side at the bottom
[106,103].

Figure 5.7 shows the variation of temperature with the depth of the channel varying from
A. 30 μm B. 35 μm C. 40μm D. 45μm.

The above figure shows the variation of temperature with the depth of channel. The
graph for the variation of temperature with the depth of the channel shows a linear
variation. As we increase the depth of the channel, the temperature increase linearly. These
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results are consistent with what can be predicted by varying the values in final depth
average energy equation 3.D.7.
5.4 Summary
In this section, we will summarize all the different results that we investigated in our
experimental and numerical analysis. We study the effect of joule heating inside a ratchet
channel when electric field is applied across the microchannel. Due to amplification of
electric field in ratchet constriction region, electrothermal fluid circulations are formed
near the tip of the ratchet. Initially with low ac voltage of 600 V the electrothermal flow is
not strong enough to overcome electroosmotic flow but as we increase the AC voltage the
electrothermal starts to dominate electroosmotic flow and formation of vortices can be seen
near ratchet channel. On increasing the voltage the joule heating increases and
electrothermal vortices grow in size. Moreover, in our model we have 0.5 micron particles
with uniform concentration initially. After the electrothermal vortices are developed these
particles can be seen trapped inside these electrothermal vortices. So the joule heating with
the formation of these vortices gives us a medium to trap and manipulate particles. For the
numerical part of the modelling, we develop a 2D depth average model, which in
comparison to 2D model gives much accurate results and much less computational time as
compared to 3D modelling without much deviation from the results. The numerical
predicted results are found out to be in good consistency with experimental observations,
which validates the modelling. Further we do parametric study by changing the shape of
the ratchet, changing the applied voltage and changing the depth of the channel. By
changing the shape of the ratchet, the change in electrothermal vortex and particle
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entrainment within these vortices is not much affected. No change in temperature and
electrothermal body force is observed. Therefore, we can say that by changing the shape
of ratchet does not significantly affect the outcome. By changing the applied AC voltage,
the joule heating increase and the temperature increases parabolically for constriction
region and linearly for other parts of device. As we change the depth of the channel, we
observe a linear rise in temperature, which is consistent with the 2D depth equations. In
the next and final chapter, we will discuss the conclusion of this thesis work and talk about
the possible future work.
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CHAPTER SIX
CONCLUSION AND FUTURE WORK
6.1 Conclusion
In this work, we investigate the behavior of electrokinetic flow under the influence
of electric field. Joule heating is an inevitable phenomenon that occurs when electric field
is passed through a conducting medium, giving rise to electrothermal flows. We use a
ratchet channel geometry inside the microchannel, which serves the purpose of constriction
region and electrothermal vortices are formed near the ratchet tip. Previously, joule heating
had been considered to severely affect the particle manipulation in insulator based
dielectrophoretic micodevices. However, in this work we exploit the electrothermal flows
caused due to joule heating to actually enhance the sub-micron particle trapping inside the
constriction region. The previous work used a semi-transient modelling however, in this
work we use a full transient model with depth average modelling which gives us results
using much less computational time and resources in comparison to 3D modelling. With a
full transient model, we can also investigate the behavior of other variable such as electric
field, temperature with change in time. The 2D depth model also serves as very useful tool
in giving better accuracy results as compared to 2D model.
Electrokinetics is a preferred way to manipulate particles which are suspended in a
fluid. In the first chapter we discuss about the motivation and objective behind the work
done in this thesis. Electrokinetics itself is a family of different effects that occur in a fluid
and a background detail about electrical double layer, electroosmosis, electrophoresis and
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dielectrophoresis is discussed in the first chapter. In our work we exploit the electrothermal
flow which occur due to joule heating effect, therefore we discuss joule heating as well.
Joule heating is a phenomenon in which the heating of the electrolyte takes place when
electric field is made to pass through a constriction region, which is a ratchet channel region
in our case. After the introduction of the background details we then move on to discuss
details about experimental and numerical work.
In chapter 2, we discuss the experimental methods and process that was performed
in the lab by our research group. Image of our experimental setup and schematic of
numerical model are compared to better understand the system because our numerical
model is developed in two-dimension frame. The experimental results that we obtain after
post processing are used to validate out numerical modelling. After discussing about the
experimental process, numerical details about the how the modelling is done and the
software details are discussed. Since joule heating is a major factor in this work, which
occurs due to temperature dependent fluid properties, we also discuss the temperature
dependence of fluid properties and various other properties of PDMS, fluid and wall and
particle zeta potential.
As mentioned before, we have developed a 2D depth model, which helps us give us
results that are as good as 3D modelling results with much less utilization of computational
resources, which also makes this modelling automatically better than only 2D modelling.
For depth model, we do depth average analysis of the electric field, fluid flow, mass
transport and energy equation. We therefore discuss in detail the depth averaging process
of these equations. Boundary conditions that are involved with each of the domain is also
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discussed. Electric field, fluid flow and mass transport equation are solved for the fluid
domain on the model because they are confined in that region. The temperature field is
solved for both the fluid and PDMS domain because the heat diffusion takes place starting
from the fluid domain towards the outer part of device via conduction and convection. In
comparison to experimental work, we only solve for one half of the model because of its
symmetric nature, so a symmetry boundary condition is also applied.
In the following two chapters, we compare the experimentally obtained results and
numerically predicted results, which validates our modelling. We also perform parametric
study to understand the effect on our results when different variables are changed. Since
our model is a full transient model, we also study the time development of different fields
as well. After electric field is applied, the ratchet constriction region amplifies the electric
field which ultimately gives rise to joule heating due to gradient in fluid properties. The
variation in electric field along the channel and its development with time is studied.
Electric field develops almost instantaneously owing to its confinement in fluid domain
and charge relaxation number. Temperature field also varies with the variation of electric
field and attains almost steady state after 200ms. The variation in temperature induces
gradients in fluid properties, which gives rise to electrothermal flow. At about 50V DC and
800V AC we can see the formation of electrothermal vortices around the ratchet region.
This can be validated by comparing with experimental results. On further increasing
voltage we can see two counter rotating vortices being formed around ratchet.
Development of electrothermal body force, which effects formation of vortices is shown
along with other properties such as fluid conductivity, electrical permittivity which also
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play role in joule heating. The electrothermal vortices can be further exploited for the
entrainment of particles within them. We have an initial uniform concentration of particles
throughout the fluid domain. After the formation of vortices, we can see the entrainment
of particle within them and an almost four times increase in concertation of particle along
with time. However, due to excessive heating that occurs in the model, the experimental
work is limited to very short duration of time around twenty seconds. A comparison
between the experimentally obtained values of current and numerically predicted values of
current is done and the results seem to be consistent with each other with both showing
deviation from linear line which shows current variation when joule heating is absent. This
further justifies our modelling. Further, in chapter five, we change different parameters and
investigate the change in behavior of electrothermal flow. We change the shape of the
ratchet channel with backward and forward channel geometry. After analyzing the results
and comparing them with the experimentally obtained images, we can say that the shape
of the ratchet does not seem to affect the electrothermal flow and particle entrainment at
the microchannel region. When we change the applied AC voltage, the joule heating effect
increases and the temperature rise across the microdevice can be noted. The depth of
channel can also be varied in the numerical model and rise in temperature in a linear fashion
is observed which is consistent with the governing equations.
6.2 Future Work
In this work, we investigated the ability of the electrothermal vortices developed due
to joule heating to trap sub-micron particles within them. The particle size is small and the
conductivity of solution is high which gives rise to joule heating and due to which the
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working time of device is very small. In addition, the shape of ratchet does not seem to
affect particle entrainment in a significant way.

Previous work on the DEP effect

[97],where the size of the particle is large and conductivity low and has been neglected
here due to much less magnitude as compared to EP, is also an effective way to manipulate
particles since it does not generate joule heating and the shape of channel affects the
particle manipulation in DEP. We could further develop our work where the size of the
particle can be varied in such a way that electrophoresis and dielectrophoresis could both
be used to improve the trapping of the particle and increase the working time of the
microdevice. A 2D depth model could also be developed which could give us results as
good as 3D model with less utilization of resources.
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